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Ab & Essani toward determining the effect of various 
parameters on combustion turbine plant size aud weight for a 
particular net power output, three iiave been chosen as inde- 
pendent variables In which the plant may b® expressed. 

These three are; the flow coefficient, (GjA)'); the blade 
length ratio, (L/d); the mass rate of flow, w. The size and 
weight of compressor, turbine end combustion ooiaponente of a 
plant are stated in teraa of these three, and the effect of 
blade aspect ratio on veiglit and volume is also mentioned. 

A specific example is used to Illustrate the fact that the 
abaft speed ratio t*etween compreseor and turbine la intimate- 
ly related to the optimum values of flaw coefficient and 
blads length ratio tc be chosen, whereas th5 effect of pj’s fi- 
gure ratio on this choice is very slight. 
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!• INyBODtTCTIO!? 



The deaigh of coia'h'istioR turbine plants for opti- 
mus economy of cona traction and operation on the one band, 
and for optimust wel^t and alas against a epoelfled useful 
output on the other, has been acooapanied by much study, 
both along emplrioal and analytical lines. 

In order to treat the px‘oblem by the ordinary 
mathematios, create a picture whloh can be grasped, cite 
an example vhich appear® concrete and yet hold to a treat- 
ment eufficiently general to bs useful, a oonslderable number 
of simplifying aesusiptions must be made — and yet a mlnl- 
raum of then. 

In the design of a power plant for many purposes, 
the weight of the plant and the amount of space it occupies 
are of paramount importance, whereas in any case both of 
the® bear a relation to the first cost of tlie plant and its 
aocommodation. Factors which my be thought to have an 
obvious bearing on site and weight may diverge from that 
widely in their actual effect. 

The treatment herewith, as a email part of an exten- 
sive program, has drawn genorously on 'tdmt has gone before 
in attempting to focus on tl® effect of three particular 
variables on the site of rotating machinery: one geometric, 

one kinematic, and on© a scale factor. The examination of 
each of the first two is limited to a 8i«an of “good prac- 
tice*, with the implication that trends shown within that 
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span will continue euffleiently far beyond it to reach the 
region, froa ths standpoint of each variable individually, 
of physical absurdity. Hence, if it Is felt that the 
delineation of these spans of good practice is unjustified, 
a later extension or contraction of ths® will not alter the 
general aspect of the oonclueione. 

Subsequent to the treatBcnt of rotating machinery, a 
general discussion of combustion equi];®ient leads to rela- 
tions, eapirieai but rational, for the weight and volume of 
that part of the plant. 

Despite the fact that nuatorical constants have been 
inserted wherever possible to facilitate illustration, the 
influence of individual factors each as presaure ratio 
and cascade geometry la more truly represented than 1® the 
quantitative result. Sven when the expressions arrived at 
permit a more general application, the tacit physical plant 
1« a stationary or heavy propulsion plant in the 1000-i0,00C 
horsepower range, but one borrowing f 2 *om the light weight 
features of other types. 

Whereas Hi® method developed is in principle applica- 
ble to a w.\der range of plant eonfigu rations, only the 
simple 03T therisodyaaialc cycle between pressure ratios of 
five and ten has been investigated. An appropriate exten- 
sion is to the CIC3TX cycle, shown schema tic ally in Fig, 1, 
using pressure ratios up to about fifteen. This is suggested 
as a subject for future study. 
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II. B ASIC asiATioKS AHD gs?isi7ioas 



Aasuaptions invol’/ed in the analyeis of plant compo- 
nente Inoiude: a oonatant pitch dla^aeter throughout a 

particular nachtns, potential vortex flo^, equal vor4z Horn 
per turbine or coepresaor atsgc, a uniform axial velocity 
over the entire length of a machiac. CompreoBor blading 
1« aseumed to be syimetrlcal In all stages except that 
the first and last are modified to meet subetantially axial 
entry and discharge velocities* Ko preesurs losses are 
considered In other than the turbine, and meclianical fric- 
tion is overlooked. A mean value of specific heat is used 
In each of the range® of conpression, ooabuctlon and ex- 
pansion, and the changes in mass flow and fluid properties 
due to fuel addition are neglected. 

With these In mind, certain basic relations and some 
mathematical approximations which are used herein are 
outlined below. 

PolTtroplo efficiencies ; 
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Streaa parameter for tapered blades (ref 5): 

= .£13. = -SiiS™ (Va) 

TPi 2e 

. (3 

BO --- ** 4(U /Sg)(L/d) 

2?rg 

where <r^ Is due to rotation only. 

This stress parameter ooaraonly runs, for stationary or 
heavy propulsion plants, at about: 

E « 7000 ft. 

0 

E^ « 9000 ft. 

t 

while in portable and aircraft plants the figure 

2Ijj » 14,000 ft. 

is frequently reached. 




An examination of the aechanical properties of 

presently available alloys reveals that at the moderate 

temperature level of oompi’eseore the operating stresses 

are limited to about 36,000 to 42,000 pel by yield strength 

and enduranoe liElte, At the temperature level of turbines 

the operating stresses are limited by creep rate to a 

-4 

value roughly proportional to 

Approximation ©f the relation between static and 
stagnation densities : 
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By the continuity relationi 
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For the ooapreseor dlecharg© (or eo?abu8tor inlet): 
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A corresponding relation bolds for the floi? at turbine outlet, 
expressed in tense of . 

Mean density of fluid in tbs compressor: 
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and correspondingly for tl® turbine: 
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Theee functions are obtainable from Pig. 2. 



Rotational speed of a machine, optimized from the 
standpoint that the lairts under radial stress are all at the 
allowable Halt expressed by the stress imrameter X., may be 
determined by combining (3) and (4) with the geometrical rela- 
tions of the wheel to yield 




Since the longest blades and consequently the highest 
blade stresses are found at compressor Inlet and turbine out- 
let, relating the general equation to these two stations gives, 
for the compressor: 
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and for the turbine: 



- l/2r ^1/4 

.LL.1 



(7) 



RPS^ = 37S 







1/2. » -.1/4 

Ht 



{it/ d) ^ 



(7a) 



It will be noted, idien considering possible plant cycles, 
that a wide change In pressure ratio causes at most a 10 % 
change In optimum BPM directly, but rather affeote it via 
the air rate or w/P* ratio, furbine inlet temperature 
affects permissible rotational speed slightly in a direct 
manner, but much more heavily via its bearing on the stress 
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Pitch diameter of a rotor, optimized fro® the iam© stand- 
point ae the HPM, is likewise detemlned to appear as; 
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Relating this to compressor Inlet and turbine outlet ae 
before yields, for ■Qae oompresaor: 
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and for the turbine: 
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The aame remarks regarding the effects of pressure ratio 
and turbine inlet temperature on the HPM apply generally 
to the dlametei* relations above, but of course in the 
reverse direction. 



Power requirement and output , assuming a mean value of Op 
and of k to be applicable over the temperature spans of each 
component, may bs expressed, with (l) and (2), as: 

P* « w(hi-h*) 

which becomes, for the eompressori 
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P* « wO T (r^ -1) 



( 10 ) 



0 pc Oi 0 

and for ths turbine, with negligible leaving lose: 




(10a) 



Allowing for leaving losees but assuailr^ the leaving veloci- 
ty nearly axial, or with negligible whirl, tbs last 



In a plant cycle the effect of pressure ratio on air rate, 
w/P*, is well known, and the curve of Fig, 4 is representa- 
tive for a plant In whldi the output takes the form of shaft 
power. Since, knowing the cycle temperatures and the 
probable component efficiencies, the air rat© is a known 
function of pressure ratio only, it will frequently be con- 
venient to arrange an expression for, say, component weight 
in the foraaj 



becomes: 
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III . HA'gCHING- CX3KPOHIIT3 



In matching components to form a plant cycle certain 
requlreaentfl are to to® met, some of them necessary and 
obvious if the plant is to operate at all, others desiratol© 
and Implicit if it is to give optimum satisfaction. For 
the simple cycle sJ-ngls-ehaft Jet propulsion plant (GBTJ), 
exeiaplifled toy aircraft installations for instance, the 
following hold! 



RPM, 
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r P “= 

0 01 



c "t 
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WSt 

Taking the ratio of (8) to (8a) and using (3) to 
eliminate gives: 

1/S 









( 11 ) 



or: 



dt 
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S3 



(11a) 



CT^t 

the latter holding oa3j' 3.f T is the same for tooth machines, 
and the blade material is such that Is the case for tooth. 



Since turbine and compressor power are substantially equal 
at all times (10) and (10a) combine to give: 
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Th® useful power output of such a plant takes the fora 

of thrust, a«x5endent on Jet velocity. 

Gj" [ 1 

g„J Pt< 04 i Pb 0* (_ . J 
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Oj - 2gJ0p„Tg, 



[■ 



‘] 



or In terms of the compressor pressure ratio only: 




fEs!2i(r* d) 

pt 0* 
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^0 
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In the special case of static thrust; 
w g 

For the siraple cycle stationary or heavy propulsion 
plant (CBTG), exemplified hy th® railway locomotive unit, 
the following hold: 



a.EPM^ <= RPM^ 

0 ^ W 

®po< w 



where 0 is a gear ratio 
R^ « R, 



0 

'o 



"t 



Substituting (7) and (7a) into the first of these 
relations, and making use of the others where aporo prints: 

»T 1/2 
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d » 



or> using (3) to ollmlnate ^ leoTos: 
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Th« net power outpat of thle type of plant le: 



p* « p* - p# 

n t 0 

By (10) and (lOa) thenj 
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And tiae cycle thermal efficiency hecoaes: 
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17 , DSTSBM INATION CT IHE STkOE 



‘TiiMj far, no consideration has been giren to asro- 
dynaalo relations or th® factors affecting efficiency 
within a stage, nor with stage dlaienaions. There are to be 
developed an expression for the axial width of the blade 
row, the blade spacing, and the number of stages required, 

Th® length and volame of machine rotors is readily obtained 
then from these expression® and those previously eet forth, 
Zwelfel (ref, 1) has developed an aerodynamic load 
ooeffiolent 

“ 2sln*pa(cot^j|-ootpx)“ 

based upon the attainable pressure distribution around an 
airfoil, which coefficient ha shows to have a value very 
near eight-'tenths for ainlmuffl pressure loss and minimum 
drag/lift ratio in a cascade. This significantly correaponds 
to the preferred design deflection angle of eight-tenths 
that for which stall occurs, presented by Howell (ref. 2), 

The work done in a stag© may be written as: 



W 

a 2(C33r/tJ) Coot^a“S©'*'Pi) 

U*/2g 

Combining the above two exj^’oesioas, the optimum solidity 
of a blad® row may be stated as: 



^ « 1.25 S^§* I 

(0^/0) 0»/2g 
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On the other hand, Schalttger (ref. 3) has indicated that 
for optljaua stage efficiency the camber of a blade is related 
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to the s&B leaving angle by: 

.8< O/ps < .68 

and further that the fluid deflection angle In decelerating 
oatoades Is related to this leaving angle by: 

1/2 1/2 

.307pg(o/e) ^ 

Hence, by combination It follcysra that: 

1/2 

Pi « Pe (l-.307^i ) 

and by substitution In Zwsifel's relation above, the optimum 
solidity becomes: 

a r 1 

0 ** 2. ©sin p« [cotp»-ootU-.S07;^ )psj (19) 

which ie readily eolved by trial, on the first att^apt esti- 
mating « 1 on the right. 

Figure* 5 and 6 lllustr^at© the nomenclature used above. 
The latter Is a reproduction of tiie curvee presented by 
Zweifel on idiloh has been drawn the line of maximum turbine 
stage efficiency given by Hawthorns (ref. 4). Th® difference 
In notation between these figures and that used herein should 
be noted. 

Gas bending stress In a blade may be found from th© 
fundamental formula of meohanloe: 




wherein the moment Is: 
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But fro« the georoetry^ and (13) above: 

. - . s 

T, p o 1.26 Tf 0 sin Pe ^ 

?L/d) (L/dicC^/U) B*72g 

Hence, by flubetitution: 

w(l/a)*(0x/O)(irV26) 



1.25itmS sin (Sa 

In order to evaluate the blade section modulue, 2/y, various 
airfoil section plane were measured to deteraine the effect 
of camber and thicfenssa ratio in ISie moment of inertia and 
extreme fiber distance. A standard thickness distribution 
irag used, with camber varied 25^ to 109®, thicknese ratio 
varied to 10^, based on a parabolic camber line. The ex- 
treme of the shape* so measured are shown in Fig. 3. From 
this there was deduced (© in radians here): 

I b* r ®l 

T “ Io5o J <2°) 

Substituting this in tbs above: 

2280 V (l/d)*(0j./U)(U®/2g) , , 

g TTw o b sin* Pa P-^ 

wherein 

2.4; 3 

Ffe = 9 -E4S.5t 

Replacing the aspect ratio by Its definition; 
h = u/b) » (L/d)a/b 

and using (3) to eliminate u>, d and (0 /2g); 

1/2 l /2 

sin® Pa 



:ovoc?a (51' np^tt tw^ 

f. jjH rl5 ^ r» S\'. ’ ^ ^ ■jr 

nm-t-w .|H»M^ «M «•«!»•<■ *•>««»» naruM JIM «•«.-»«> 9l «w>»^ -* 

yS-V’n <V\,D):&VI) <^V) 

— -M-i. . j 



B(fci^i»y itioXJcsiw tW-to r;I 

tsal'tw 'iifl 6*7t’86§« 8/ip/.q XXoVsli 

.fj«^ *ii’’T*iiX 10 aafri*?* i‘ri,f Hi ci'J*^. *t- 'fi? fcfl# 

.'Ol^Wti'Tf %li^ 5n»}av:J’a l .♦ !><»•?■» i?» *'z<fXt •apf’v^^y* 



cUm h%(sn^t^l'^l^S /tCi oJ /<eiy/y •i*«f 

-r* .-^itl nrc^afi 'jiXfjOfiHftq « fr<‘ •vpi't*? 

••Si .£ *>t1i ai^rfa •tP fk*ar»6S-’ -•(;»£3a «et 'fo */?■«•> 

: •nf A**'*i?2»*& (Sfi* «yir>r»' 






U«) 





« 

d 

0001 



I 



:oW*ak, 'dif ill aJdf n5l?«AJ.f8cfT 2 



15»\ (i)(t\-^D) ifiVl) »• oa"i? 



fr 



^ uHrr 



'V 






t,Si 












TuifrpXq*^ 

7\&\*‘U) * (c»Vl'J ^ ^ 



V ^ 

:i^\ CJ 1)3-* i> 
i'./ «\I 

”"”^’"s»’ ®ni« 



IS. £a #•■»■ (x * *^*£**< bj?n 
* . 

•W'M mMM • f*t 

SCV+ 



( 

1 



I 

I 



1 







z\ 



wherefrox: 



b *® 
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Since in obtaining the crerall rotor Itngtb th« icean 
«tage width iB desired, a mean Yalue of (L/d) ou#t; be ob- 
tftiaed for use in the foregoing, and (L/d) in turn if. propor- 
tional to local density if 0^ is to he Kalntalaed constant. 
Hence, by (S), for ■&© compressor: 

* (b/d)atPs/l>si) « (I</d)i (2E) 

and by (Sa), for the tu.rblne: 
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These then le.ad to the compressor row width: 

t1/2 1/4 



and the turbine’s: 
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The number of stages required depends Jointly on the work to 
be done ia a machine ani the aaount of work efficiently 
attainable per stage, or: 
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This becoi5i»0, for the ©oapressor: 
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a»a by using (5) to sllninat® circtuaf ©roatial spsed: 

51120geToi (ro^-1) (b/d) i 
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Oorrsepoadlngly, tha aatabsr of stags® for tbe turbia® 
Is found to be: 
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General, experience bus ehovn that the blade aspect 
ratio, <^=L/b, Is in practice Halted at the lo^rer extreme 
by tip losses and viall friction, and at the upper extreme by 
strsas oonstderationa and mounting secondary flov losses, In 
view of these limits, the aspect ratio may be taken to vary 
from on® to five, with the optlsum at possibly two or three 
for "good practice". 

By inserting (8) and (23) in the definition, aspect 
ratio may be related to other quantities, however, and the 
result will seirv®, in aomblnation with the ruls-of-thuMb above, 
to limit the range of variation of other parafflcters. Thus, 
for the oonprcseor: 
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Ajaa for th« turtoines 
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V, ROTOR SIZE AND VEIgHT 



Rotor glee Is controlled by the number of stages, th® axial 
length of each, and tbe tip diameter of the blading. For the 
length: 

L* « 2Y»big*N 

wherein the clearance ratio between adjacent rows is indi- 
cated by Y. Fro® (25) and (24), and by properly arranging 
terms, it may be shown that for the compressor: 
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and for the turbine: 
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In each of the above, the final bracket represents the expli- 
cit influence of preesuro ratio idille the first incorporates 
the influence of cascade geometry, broadly speaking. The 
trend of this pressure ratio Influence Is shown in Fig. 4 for 
ecspressor and turbine separately. 



Rotor volume may be stated simply as: 

V « ^D*L* 

Substituting from (9) a:id (26) and rearranging as for the 



length yields, for the compreseor: 
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likewise for the turbine: 
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The two brackets here, as In the length relations, 
are Intended to Indicate the Influence of stage geonotry 
and pressure ratio respectively. The latter are shown in 
Fig. 4, 



Rotor weight has been imrestigated for wheels of the 
DeLaval type by LaValle and Kuppert (ref, 6), Their results, 
with some simplifying assumptions to fix a few minor in- 
fluence variables itfhieh have small ranges, are here applied 
to both turbine and compressor, since the latter is taken to 
be of disk type construction and therefore comparable in each 
stage to a DeLaval wheel. All this is predicated on having 
a maximum allowable blade stress, as expressed by (S). 
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For one wheel or stage the weight is then: 



i 



(disk + jdM + blades} 

Uui A,+ i&h + i§5Jl 

5 ^(l»/d)*A* Pb^» J ^b^ (b/d) 



(28) 



wherein: 
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Fro» Fig. 6 isay be obtained &| and 

Tha material density ratio, (p^j/p^), will approach unity 

in the case of a turbine or in the case of a ooapressor not 
having light sietal blades. With this additional siBtpXifieation 
(28) is eosabinsd with (8) and (24) to yield: 
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and: 
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Again the parts have been arranged io that the final bracket 
In each equation represents the explicit pressure ratio In- 
fluence and the bracket lEmcdlately preceding represents the 
stage geometry. The pressure ratio factor le shown in Fig. 4 
and the geometry factor, calculated from (28) above, appears 
In Fig. 9. 

Due to Its effect on rotor thickness, increasing 
aspect ratio causes a decrease in rotor wel^t, but a 
simultaneous rise in rotor volume. This last effect will 
appear later (see p, 43, «q. (33) et seq.). Hence the mean 
density of the rotor bulk drops doubly fast with rising aspect 
ratio. Since a high machine density tends toward oonpactnese 
of plant for a fixed power output, this gives the first 
indication that low blade aspect ratios are to be preferred. 
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II* COMBUSTION COMPONSNTB AND CASIHGS 

Over the variety of combustion turbine plant types, 
from heavy stationary generating equipment to light weight 
air-craft propulsion sets, combustion equipment varies in 
weight and size fully as much ae does any other component, 
and with considerably greater empiricisni. Watson and Clarke 
(ref. 6) have stiattrarlzed current practice. The first 
parameter to be considered is heat release rate per unit 
volume : 

hfWf ‘*fC„>j( 1 Q*— ) BTU 

- 1.-1 — £2 .66 — 

sec. lb, ft. 

The constant employed is based on the fact that good 
combustor performance regularly can be attained for heat re- 
lease rates up to but not much exceeding 6.7x10 BTU/hr. ft. 
atm. The actual limit depends on a balance between heat con- 
duction, diffusion, wall cooling and metallurgical properties. 

A alight iy more conservative figure, 4.96, is used above. 

Another limitation is flame stability in Uie moving 
gas flow. Based only on experience and good practice again, 
the permissible maximum bilk velocity entering the flame zone 
is found to be about 600 ft. /sec. Hence, leaving again a 
margin of safety by using 400, there is: 

„ 400 « » 3 Isl-i!! 5 itrsl^L. .£ii 

PaA-jj A-jjr^Poj sec. 

Combustor length is then, assuming a shape approximately prismatic: 
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In case, as 1« true for aircraft and certain other 
plants, ooEhustlon Is to be equally shared among ssTeral 
chambers, a third Halting factor to be considered Is ainlmum 
flame tube diameter, I’hls may be net by: (a) Halting the 

number of separate chamber-^ or (b) Increasing the total crose- 
scotional area beyond •&.at required for permissible snaximu® 
gas yeloolty. 

The weight of a combustor Is a function of wall con- 
struction and surface area. Assuming that if a number of 
chambers are operated In parallel they ai*e all exactly alike, 
then the total surface area Is: 
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Wall construction Is considered to be based on resist- 
ance to sagging and tmckling rather than to rupture In tension. 
Thus for a cylinder In transTerse loading, as a first approxi- 
mation. 
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In order to eliminate the tensile etrees from thlc 
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expression the proportionality > obtainable from 
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The foregoing vas Intended to apply to metalllo 
conbustora only. Another type, intended for large marine 
or stationary plants and lined with refractory, requires 
separate treatment . 

Data on current combustion equi|»»ent permit approxi- 
mate evaluation of the constant of proportionality to give; 
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Further, the apace required for a combustion system 
composed of a set of identical can-type units, as opposed 
to the net internal or gas volume used above, may be approxi- 
mated as: 
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By Baking use of the flame cross-sectional area rela- 
tion for proper gas velocity mentioned at the beginning of 
this section, this becomes: 
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Th® trend of coaiTauator Tolnme with pressure ratio ae 
glToG by this Is shown for the single temperature ratio 
(Tos/^oi) ** in 4. 

The construotion of stators and casing® le considered 
to he governed by regard for ttlffness rather more than for 
rupture strength. Stator blading weight Is assumed to average 
th® same as that of rotor blading operating within it. Follow- 
ing ref. 6 and the foregoing treatment of ooabwator shell 
weight, the stator blading and easing weights becc»aa: 
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Again the constant is approximated on the basis of 
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and for the turbine: ^ .. 
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both of which inoreaso monotontcally with (L/d) . 

Equally defenaibl® is the approximation to casing 
volcuas as. In the case of the eonpressor: 
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bat since 

(L/d) (a/b) 

by (9) there appears that: 
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and similarly for the turbine casing volume. 
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SCROLLS. VOLUTES and DUCTS 

Scrolls^ volutes, ducts, piping, stacks end so on 
vary greatly from plant to plant for the good reason that 
plant location and Job assignment dictate component layout 
to a large extent. The straight-through aircraft jet 
engine with axial compressor certainly has the minimum of 
such parts, tdicreas a marine propulsion or shore pover 
generation plant has a good deal of its total weight and 
space BO constituted. Hence no definitive mathematical 
treatment can be shoxm, but a few general rules can be given. 

For the simple cycle, gas pressures up to the com- 
pressor inlet and beyond the turbine exit are of the order 
of one atmosphere. Within these sections of the flow path 
design is considered to be based on rigidity rather than 
bursting pressure. Hence, following the reasoning of ref 9: 

V*rv w 

w 

From the compressor discharge to the turbine nozzle 
the flow path carries the same weight flow at a pressure 
r^ times as great and a specific volume ooi*re spend ingly less. 
Xn this section design is considered to be based on burst- 
ing strength, Ixit in the first approximation it turns out 
again that: 
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since It bae been ehown that the net power output 
for glTen cycle conditions Is: 

P*/S^ V 

then It may be concluded that for a glTcn type of plant — 
aircraft, mobile or stationary — the size and volume of 
ducting will vary nearly linearly with the mass flow, once 
the cycle thermodynamic conditions are fixed. Taking ao-> 
count of the rels.tlon between air rate and pressure ration 
the weight and else of ducting and connections may be ex- 
pressed as a function of the variable (w/P*) to fit any 
plant capacity. 
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VII. APPLICATIOK 



In order to clarify the effect of certain rariablee 
ae they individually influence the design, it is advisable 
to fix as many of the other variables as |X)S8ible, or in 
other words to take a particular plant and inquire as to 
hov the internal geometry of the components may be optimized 
to produce the most power for the least investment. 

Choosing a simple CBTG plant (Fig. 1} for this purpose 
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From th 9 Se It followi that (Pig. 11 et 8eq) 
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Having decided to Investigate the effect of the flow coef- 
ficient (Cj/u), "blade length ratio (L/d) and mass flow (w), 
all other parameters are ejqpr eased in terms of these three 
by using the information above and the equations set forth 
previously. That these three variables are independent may 
be seen from the continuity relation and (3). Under the 
original simplifying assumptions and the above set conditions 
none of these three variables affect the thermodynamics of 
the cycle, however, and so the air rate (w/P*) remains un- 
changed. The effect of scaling up the power rating of the 
plant, then, for any fixed set of values such as the above 
may be taken directly as the effect of Increasing the mass 
flow rate. 

Equations here are numbered to correspond to their 
counterparts in the preceding general development. They are: 
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From (15), (26) and (25a) above the curves of Pig. 14 
have been drawn. As brought out earlier the aspect ratio has 
been found In practice to be restricted, by lose considera- 
tions, to upper and lower limits of about five and one, 
respectively. Likewise, the blade length ratio (L/d) is re- 
stricted at the upper limit by blade stresses and the lae- 
ohanios of construction, while restricted at the lower limit by 
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th« faot that large physioal dlaenslona become necessary to 
pass a required mass rate of flow. 

MoreoTer the flov coefficient (C^^/U) ie reatricted at 
the lower limit by thia same inability of a machine to paaa 
sufficient mass flow, and at its upper limit is restricted 
by the permissible Mach No« Incident to the compressor rotor 
blades. For example this limit may be so set that the 
relative velocity 
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Obtaining from (3) for the example in hand 
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and ty a flmllar procedure for the turbine: 

Neither of theee, It eo happens, offers any additional restric- 
tion here . 

With all the foregoing In mind the dotted rectangles 
of Fig. 14 were constructed to the (L/d) and (Cj^/U) limits, 
the portion of such rectangles within acceptable limits of 
then being taken as the area of possible designs. It should 
be emphaslj^ed that the demarcation of these areas Is carried 
out to show that such limits exist, rather than to pretend to 
lay down their numerical ralues. 

Possible gear ratios for the plant constants chosen 
are Indicated. Direct drive, G « 1, appears to be appro- 
priate here since that line Is the only one Intersecting the 
rectangle properly. If direct drive Is chosen, the gear may 
be dispensed with and the design latitude remaining Is repre- 
sented by the straight line segment A-B. Re-examination of 
equations (33) In their latter form above shows a design point 
near A to be preferred since lower values of aspect ratio 
assist In reducing turbine and compressor volume. If the point 
Is so chosen that: 

^mt “ 2.6 

<5ot " 

then the choice still remains open for the compressor along 
the arc a-a' and for the turbine along the arc b-b’ . 
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Again ( 33 ) ehoifa the lower end of each range to be 
preferred In order to gain a lower value of (L/d). Hence 
the design may be fixed at: 

(Cjj/U)! « .5 (Cjj/U)* - .88 

(l/d)i « .16 (L/d)* » .11 

and with these In hand the size and weight of the plant may 
be calculated from the foregoing equations, making use of 
the air rate, .0105 Ib/H? sec., to express the results In 
terms of power output rattier than mass flow rate. 

This leads to, for the pressure ratio of five; 



V# a V* + V* + V* 
cc to b 

» (.49 + 6 . 42 ) 10 ’^ P* ft.^ 

and 



w# « w* +¥* + W* + W* + ¥♦ 

0 oc t to b 

« ( 47.22 P*^^+ 28.8 P*^^+17,700/p*^‘^)l0'^P* 

lbs . 

In order to discover the Influence of pressure ratio 
changes on the plant size and weight, the detailed calcula- 
tions may be repeated for ratios of seven and ten, with other 
data remaining tho same . Following that, by the same criteria 
as before, there are obtained rectangles which overlie as 
shown In Fig, 15. When design values of S, (L/d) and (Cjj/U) 
have been ohoaen the values for ell three pressure ratios may 
be tabulated as: 
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It nay be concluded that in the range covered by 
OBT plants a pressure ratio variation effects little change 
in the choice of these parameters In turbine and compressor. 
On the other hand equations (11) et seq. show that the 
stress parameter Z , the blade angle and camber p and ©, and 
the degree of aerodynamic loading under which the blades 
operate are the three major factors which In the end direct 
the selections of (L/d) and (Cj^/U). Component stage 
efficiencies bear on the thermal efficiency and the air rate, 
and via the latter affect the selection as well. 

It may be concluded from the curves (WV?*) of Fig. 17 
that, on the basis of alnimum plant weight being a desirable 
factor, it is advantageous at certain pressure ratios to 
divide a load between two or more identical plants operating 
in parallel at a net saving in weight. The same poaslbillty 
with respect to reducing total plant space requirements la 
suggested by curves (VV?) of the same figure. Mitigating 
against this apparent opportunity to save weight and apace. 
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and in all llfcellhood actually reverelng the trend in an 
actual installation, is the neoeseity for duplication of 
controls, acoesaoriea, Instrumentation and servicing when 
sets of smeller unit size are used to fulfill a job re- 
quirement, 

A quantitative analysis of these two opposing effects 
is suggested as a suitable subject of further investigation. 
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L* - 
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If - 
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p* _ 



H - 

R* - 



r 



S - 



^ - 



Symbolism 



area, annular unless otherwise noted 

blade width, axially 

absolute Telocity 

specific heat at oonatant pressure 

tip diameter, OTer longest blade 

pitch diameter, at mid- blade 

general function; also a general force 

gravitational constant, 32,2 

enthalpy 

moment of inertia 
mechanical equivalent of heat, 778 
ratio of specific heats, Cp/C^ 
blade length, radially 
component length 
Mach No, 



3 

ft, 
ft. 
ft/ sec. 
BfU/lb, ®F . 
ft, 
ft. 

f t/eeo* 
BftJ/ib 

4 

ft. 

ft,lb/BTU 

ft. 

ft. 



bonding moment lb. ft 

number of like stages or units 

pressure Ib/ft. 

power, horsepower unless oth8i»wlse shown 
gas constant, for aii* 63.3 ft/®F, 

reheat factor 

pressure ratio in a ccmiponent, greater than unity 
blade spacing, circumferentially, on pitch circle ft. 
solidity, b/3 
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T - temperature ®R 

t - thlokness ratio, ts., tthord or diameter 

U - circumferential velocity on pitch dlsaneter ft/sec. 



s 

V - net or working volume ft. 

V* - component volume, overall ft. 

W - work ft.lb/lb. 

W* - component weight lb. 



w - mass flow rate; also relative velocity lb/8ec;ft/sec. 
Y - cascade clearance factor 

y - extreme fiber distance from neutral axis ft. 

Z - number of blades in a row 



a - 



t 

6 



£ - 



7 



e - 



X - 



M* “ 

V - 

P - 



Z - 



or - 



T - 



r 



angle of absolute velocity with plene of cascade 

angle of relative velocity with plane of cascade 

a special function of (L/d) and S 

blade aspect ratio, L/b 

angle of fluid deflection 

efficiency, output/input 

blade camber angle 

the exponent (k-l)/k^g^ 

the exponent (k-l) 

the exponent (k-l)/k 

density Ib/ft. 

stress parameter, ft. 

tensile stress Ib/ft. 

taper factor, for stress reduction In rotating blade 
aerodynamic load coefficient 
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- angular Ye lo city rad/«6c. 

SubeorlptB 

b - burner or conbustor; also blade 

0 ** ooapressor; also casing or stator 

g - gas-bending 

J - Jet 

m - mean; also pertaining to Mach No. 

n - net 

0 - stagnation state 

p - constant pressure 

8 - stage; also static 

t - turbine 

X - axial direction 

Station identification 

1 - compressor rotor entrance 

2 - compressor exit; combustor entrance 

3 - combustor exit; turbine inlet 

4 - turbine exit 

Jet discharge 
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